We demonstrate monolithic integration of a 100-channel arrayed-waveguide grating (AWG) with 10-GHz channel spacing and 100 optically controlled Michelsoninterferometer-based phase and amplitude modulators. The high-resolution AWG showed better than À15-dB crosstalk, and the modulator extinction ratio was better than 20 dB with either electrical or optical modulation control. The twin-integrated devices comprise a 50-mm diameter InP wafer with 1200 independent optoelectronic components.
Introduction
Manipulation of the amplitude and phase of a stable optical frequency comb (OFC) on a line-by-line basis enables a powerful class of pulse shaping known as optical arbitrary waveform generation (OAWG) [1] - [3] . Potential applications of OAWG include optical communications and arbitrary radio-frequency (RF)/microwave waveform generation. Most previous work [4] , [5] has concentrated on static-OAWG, where the waveform shaper utilized slow modulators to adjust the amplitude and phase of each comb line. The lines are coherently recombined using spectral multiplexers (MUXs) with narrow passbands. These waveform shapers are essentially configurable, highresolution optical filters and thus the output waveform is repetitive. When trying to rapidly update (i.e., each pulse of the OFC) the modulations of a typical static-OAWG system, it has been shown that there is an inherent tradeoff between update speed and waveform fidelity [6] , [7] . As a solution to this problem, we recently proposed spectral-slice dynamic-OAWG [8] , [9] , which is a technique to achieve high-fidelity, continuous generation of arbitrary optical waveforms of scalable bandwidth using OFCs, spectral MUXs, and an array of modulators.
Although we recently demonstrated spectral-slice dynamic-OAWG using fiber-pigtailed devices [10] , practical dynamic-OAWG implementations require a stable phase relationship between the spectral slices, and this necessitates an integrated, and preferably monolithic, platform that provides high-speed optical modulators and high-resolution spectral MUXs. Previously, our group reported a 10-channel, 10-GHz spacing InP-based OAWG device which utilized electrooptic modulation [11] . This paper describes and characterizes a monolithically integrated InP OAWG device with 100 channels spaced at 10 GHz for generating waveforms with up to 1 THz of optical bandwidth in the 1.55-m telecommunications band. Electrooptic intensity and phase modulation of 100 channels at gigahertz rates is impractical due the sheer number of modulators and the inevitable RF crosstalk and electrical losses of the long transmission lines. Therefore, this paper discusses an integrated optical device which incorporates quantum-well (QW)-based phase modulators which are optically controlled (i.e., cross-phase modulation via free-carrier effects) by the intensity of remote, fiber-pigtailed 1310-nm or 1060-nm lasers. Measurements of the OAWG device show exceptionally low (À15 dB) crosstalk for a high-resolution, InP-based spectral MUX and show that the all-optical modulators are capable of greater than 1-GHz bandwidths. Fig. 1 illustrates how an input OFC is transformed into a target waveform using a reflective-mode spectral-slice dynamic-OAWG device where a single arrayed-waveguide grating (AWG) acts as both the spectral demultiplexer (DEMUX) and MUX. After demultiplexing the input OFC to separate waveguides, each isolated line undergoes independent modulation to create a slice of the target waveform's spectrum. Optical control signals (1310 nm or 1060 nm) drive the reflective-mode modulators (i.e., Michelson interferometers) through the high-reflection/antireflection (HR/AR) coated right facet (HR at 1550 nm, AR at 1310 nm). Push-pull type modulation is applied to each arm of the Michelson structure to create amplitude changes on that channel, while applying the same modulation to each arm generates phase changes. The MUX coherently combines the modulated lines (now spectral slices) into a single contiguous complex spectrum that exactly matches the target waveform. Key to high-fidelity OAWG device operation is high adjacent channel isolation (i.e., low crosstalk) for the MUX and overlapping passbands for the DEMUX. The upper right corner of Fig. 1 shows an example MUX transmission that accomplishes both requirements. Details of the spectral-slice dynamic-OAWG technique are discussed in [8] and [9] . 
Concept and Implementation
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Monolithic InP 100-Channel Â 10-GHz Device Fig. 2(a) shows, each has an electrooptic Mach-Zehnder modulator (MZM). High-resolution AWGs are extremely sensitive to phase perturbations in the arrayed waveguide; therefore, the MZMs provide both phase-error correction [12] and passband shaping [13] to achieve the desired passband isolation and overlap. (This is different from the device we reported in [14] , where the AWG was designed to have a flat-top transmission by adding a parabolic taper at the AWG inputs and narrow waveguides at the AWG outputs.) Finally, each of the 100 AWG outputs has a Michelson interferometer consisting of a 2 Â 1 MMI splitter/combiner, as shown on the right side detail in Fig. 2(a) . The interferometer arms have a 1-mm-long QW phase modulator and an HR/ AR-coated cleaved-facet mirror (reflectivity is 86% at 1550 nm, 6% at 1310 nm). The QWs have a photoluminescence (PL) peak at 1490 nm, and our epitaxial layer stack is designed to achieve phase modulation by two different methods: either by exploiting the electrooptic effect and applying a reverse bias voltage to the QW modulator or by injecting 1310-nm control light at the HR-facet side (see Fig. 1 ). Either the QWs or the wave-guiding core layer made of InGaAsP with a band gap at 1.15 m (1.15Q) absorb the control light to induce cross-phase modulation via the plasma dispersion effect [15] due to the generated free carriers. For some devices that do not have QWs, a shorter wavelength control light at 1060-nm is used since it is more efficiently absorbed in the waveguiding core layer.
Fabrication
The InP device fabrication process contains three epitaxial growth steps. The first step defines a 150-nm p-doped InP layer, a 212-nm 12-QW layer, a 0.5-m n-doped Q(1.15) waveguide core layer, and a 2-m n-doped buffer layer. The 12 QW layers consist of 12 quaternary wells and 13 quaternary barriers ($1490 nm PL peak). Subsequently, we pattern the QW layers in the modulator regions shown in Fig. 2 by using lithography and wet-chemical etching. The second epitaxial growth creates a 2-m p-doped InP top-cladding layer followed by a 100-nm p-doped InGaAs layer. After photolithographically defining the waveguides, they are etched in a Br 2 =N 2 reactive-ion-etcher using a 550-nm SiO 2 layer as a mask. The third growth step creates Fe-doped semi-insulating InP laterally by low-pressure hydride vapor phase epitaxy (HVPE) on the side of the etched waveguides. Afterwards, we deposit a 350-nm SiO 2 layer and define via contact openings to the QW phase modulators in the Michelson interferometers and the phase-error-correction modulators in the AWs. Finally, we pattern the metal layer on the topside of the wafer using lithography and lift-off and subsequently perform the backside metallization. Two OAWG devices are fabricated on each 50-mm InP wafer by overlaying the slab regions of the AWGs in a mirror image or by nesting one device below the other. The wafer-scale twin OAWG chip includes 1200 independently addressable optoelectronic components monolithically integrated.
A key challenge associated with large channel count OAWG devices is efficiently establishing the sheer number of electrical and optical connections to the device. The 100-channel OAWG device requires application of up to 400 DC voltages: 200 for AWG phase-error correction and/or passband shaping and 200 for biasing the Michelson interferometers. To avoid manually wire bonding so many connections, we developed a process to bond flex circuits to the InP device using a technique similar to flip-chip bonding. Metallization on the InP OAWG device [see Fig. 2 ) are supplied by a custom fan-out silica planar lightwave circuit (PLC). By using the silica PLC, each InP OAWG device does not need its own large fiber array mated directly to the device. Instead, the silica PLC is moved from one InP device to another as necessary for testing.
Device Characterization
The complex (i.e., amplitude and phase) transmission characteristics of the 100-channel Â 10-GHz OAWG device were measured using an optical vector network analyzer (OVNA) [16] . The OVNA employs polarization-sensitive, swept-wavelength interferometry to measure the transfer function of a device under test with only a single scan of a fast-sweeping tunable laser. The advantages of using the OVNA are high optical spectral resolution (100 MHz here), the ability to measure both the amplitude-and phase response of the device (which is essential for phase-error correction of the AWG), and a high dynamic range due to its balanced detection. Although the OAWG device supports propagation of both quasi-transverse-electric (TE) and quasi-transverse-magnetic (TM) polarizations, full functionality is only available with the TE polarization. This arises since only the TE polarization is influenced by the linear electrooptic effect for a vertical electric bias field when the crystal symmetry of InP is in the (001) orientation. Additionally, most devices within the OAWG chip, including the MMI couplers and QW modulators, were optimized for TE polarization. It was relatively simple to ensure a single polarization since the waveguide birefringence causes the AWG's spectral response to be significantly different for the two polarizations.
A key to the successful operation of the OAWG device is the performance of the AWG, which includes having low channel crosstalk. This requires that the high-resolution AWG's long array waveguides [see Fig. 2(a) ] have precisely the correct length (i.e., the optical phases are matched). Any undesired difference in the total optical phase between the array waveguides is referred to as a phase error. Fig. 3 shows the measured phase error for each of the array waveguides (arms) within the AWG before (red dot) and after (blue dot) phase-error correction. For clarity, the rapid (from one waveguide to the next) phase fluctuations have been suppressed to show the slow fluctuations which are important for the AWG performance, and only the array waveguides with significant power are shown. Ideally, the phase would be flat across all of the array waveguides. However, phase errors are caused by practical fabrication limitations, such as variations in the core-layer composition and thickness and fluctuations in the waveguide width. Since the OVNA update rate is several hertz, it was possible to correct the phase errors in real-time. Thus, as the AWG phase errors where measured, we used an array of inexpensive digital-to-analog converters (DACs) to apply the necessary reverse-bias voltages (G 10 V) via the flex circuit to each array waveguide that needed a phase adjustment. This process was manual and iterative, but it was typically accomplished within 10s of minutes for the 200 array waveguides. Since the reverse-biased diode draws only a small amount of leakage current (several microamperes), this type of electrooptic phase-error correction requires little power. A 4-mm long InGaAsP/InP waveguide with a 1.5-m thick depletion region typically requires less than 8 V of reverse bias for a 2 rad phase change. As Fig. 3 shows, the phase before correction has significant fluctuations and a large amount of linear phase in the array waveguides with a higher number (these are the longer waveguides). Before correction, the standard deviation of the phase errors is 1.03 rad, and after correction, the standard deviation drops to 0.33 rad. Most significantly, the linear phase has been removed, and the slowly varying phase errors are reduced. It is this reduction of phase errors in the AWG that improves the crosstalk performance of all 100 output channels simultaneously.
The improvement in AWG performance that follows a reduction in phase errors is most apparent when looking at the AWG transmission for a single channel in the frequency (wavelength) domain. Fig. 4 shows the single-pass AWG transmission measured with the OVNA for a single AWG output channel (#12) before and after phase-error correction. Without phase-error correction, the shape of the AWG passband is very broad, i.e., not single-peaked, and has a poor crosstalk level of j5 dB. After phase-error correction, it displays a À17 dB adjacent-channel crosstalk (this is especially good for such a high-resolution AWG). To remove the need for individual phase-error correction voltages and the external electrical connections it requires, it is possible to apply the same voltage to all of the electrodes and then trim the length of individual electrodes to set the phase-error correction. Alternatively, ion implantation may be used to induce material index changes [17] and achieve permanent phase-error correction. Fig. 5 shows the measured single-pass AWG transmission for all 100 AWG outputs after phaseerror correction (TE polarization). The data were taken by moving a fiber to each AWG output channel and making a measurement with the OVNA. The data show that none of the outputs are missing and that the average channel bandwidth is 6 GHz. The calculated crosstalk values (i.e., taken from the transmission peak to the largest subpeak, whether from the background or an adjacent channel) are as follows: À17.7 dB (best), À11.5 dB (worst), and À15.1 dB (average) with a 1.2-dB standard deviation for the average value. The output amplitude is relatively constant (1.0-dB standard deviation) if we consider expected variations in coupling when moving the fiber across the AWG output channels. Fig. 6 shows the OAWG-device transmission measured with the OVNA with all 100 channels distinguishable after a round trip through the device (TE polarization). The two peaks on the long wavelength side are from AWG test outputs and are not part of the 100-channel response. Since there are no control signals present, the Michelson interferometers have random attenuations. Using straight waveguide samples cleaved from the same wafer and the Fabry-Pé rot resonance method, we estimated the waveguide loss at 1.7-2 dB/cm ($1 dB/cm is from doping p-and n-types for the p-n junction). The round-trip insertion loss of the OAWG device at a channel peak was typically $43 dB (TE polarization), which is consistent with the $11 cm round-trip path through the device, 2 Â 3 dB loss for the MMI input/output coupler, and 2 Â 6 dB of coupling loss from the lensed fibers. The average optical input powers were kept below þ25 dBm to minimize the risk of damaging the input facet. Fig. 7 shows the DC performance of the OAWG device for a typical channel as measured by the OVNA (other tested channels showed similar performance). Fig. 7(a) shows the transmission of channel #92 (TE polarization) while electrically biasing the QW phase modulator at three different voltages (0 V, À3 V, À6 V) in one arm of the Michelson interferometer. It demonstrates 20 dB of intensity modulation without affecting the transmission of the adjacent channels. Fig. 7(b) shows the 
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Monolithic InP 100-Channel Â 10-GHz Device transmission while injecting a 1310-nm optical control signal into the same channel to observe the cross-phase modulation (at À3 V bias) using the Michelson's response. There is 20 dB of intensity modulation between the two different injected optical powers, i.e., 0 mW and 2.5 mW, and little observable crosstalk. Since the QW region was long compared with the control signal absorption length, the polarization of the control signal did not influence the modulator's response. As a simple first demonstration of waveform shaping with this device, we injected a 26 line Â 10-GHz input OFC that was produced by applying strong modulation to a cw laser with a phase modulator and a dual-electrode MZM [3] , [18] . The repetitive output waveform was measured with no control signals applied. Then, we adjusted the DC bias on a single channel to observe the change in the output waveform. The low optical power (À20 dBm) out of the OAWG device required that we use four-quadrature spectral interferometry (FQSI) [19] , which is a very sensitive coherent measurement technique. FQSI with balanced detection provides both the amplitude and phase of the waveform when it is measured against a well-characterized reference OFC (same as the input OFC here). Fig. 8 shows the temporal intensity and phase of the waveform for the two different bias voltages on Channel #92. Since only one channel out of the 26 that are illuminated is changing phase, we do not expect to see a large difference in the two waveforms. However, there is a distinctive difference between the two waveforms, and it is verifiable in the spectral domain.
To verify that only a single channel's phase is changed, we take the difference between the measured spectra at 0 V and À3.7 V bias and plot it in Fig. 9 . Each dot represents the phase change for each of the 26 comb lines and only the controlled channel has a significant ($3 rad) phase difference. The other channels do change some, possibly due to some crosstalk, but there were also some variations and drift during each measurement independent of changes in the bias voltage.
As an initial characterization of the dynamic response of the OAWG device using optical-optical modulation, we investigated the relative amplitude of the phase modulation sidebands created by a single QW phase modulator at different modulation frequencies. The measurement was performed by combining the 1310-nm control light and a single comb line ($1553.5 nm, TE polarization) into a single fiber and injecting it into one arm of the Michelson interferometer on a center channel [see the right side of Fig. 2(a) ] and then making an optical heterodyne measurement of the phase-modulated comb line after it exits the OAWG device [see the left side of Fig. 2(a) ]. Fig. 10 shows the relative amplitude of the phase modulation sidebands for three different sinusoidal modulation frequencies of the 1310-nm control signal (2-mW peak power). At 100 MHz, the carrier-to-sideband amplitude is approximately À20 dBc, indicating a peak phase modulation index of $0.2 rad. As the modulation frequency was increased to 300 MHz and then 500 MHz, the sideband amplitudes dropped by 6 dB and 7 dB, respectively. Therefore, it was important to seek ways to improve the high-speed modulation response.
The high-speed performance of the optically driven modulators is determined primarily by the dynamics of the plasma dispersion effect. In multiple QWs, the phase modulation is increased because of the step-like density of states [15] , and the modulation depth is mostly independent of the modulator length since the total phase change is proportional to the number of carriers. For example, the penetration depth of 1060-nm light is only several micrometers, and it is completely absorbed within a few tens of micrometers of the modulator, thereby allowing the reflective mode geometry to work to several 10's of gigahertz before velocity mismatch (i.e., bidirectionality) significantly degrades the modulation efficiency (this is similarly true for 1310-nm light in the QWs). However, the carrier effects are often limited by relatively long transit times across the depletion region and the long carrier lifetimes (several nanoseconds).
The green trace in Fig. 11 shows an initial measurement where the optical-optical modulators (Michelson configuration) had a À3-dB bandwidth of just over 100 MHz. The response can be improved by using H þ ion implantation which introduces damage points and vacancies into the crystal lattice. These then act as additional recombination centers for free carriers and decrease the carrier lifetime. It has even been shown [20] that the lifetime can be reduced to less than 1 ps at very high doses. Fig. 11 shows that the measured modulation response for sample Michelson interferometer modulators improves to more than 1 GHz for H þ ion implantation doses of 8 Â 10 12 ions/cm 2 . The modulation bandwidth can be further increased by even larger doses. However, the shorter carrier lifetime does reduce the total number of free carriers, which, in-turn, decreases the modulation efficiency. Thus, an optimal dose is a compromise between modulation efficiency and bandwidth.
To demonstrate an initial dynamically changing arbitrary optical waveform, we launched an eightline Â 10 GHz input OFC into the OAWG device and optically modulated one arm of the Michelson interferometer on channel #75 [see Fig. 12(a) ]. It was not practical to apply H þ ion implantation to the modulator section of the fully fabricated InP OAWG device due to the metallization layers. Therefore, the optical-to-optical modulation À3-dB bandwidth was limited to just over 125 MHz for reasons discussed previously. As Fig. 12(a) shows, the control light had $10 mW of peak power and was sinusoidally modulated at 125 MHz. The modulated output waveform was amplified and then time gated to select a 500-ps portion (window) of the modulated waveform for additional amplification before optical-electrical conversion and measurement by a sampling oscilloscope (50 GHz of optical bandwidth). The gate pulse and oscilloscope trigger had adjustable electrical delays that enabled recording of different portions of the output waveform. Fig. 12(b) shows a 400-ps portion (four periods of the OFC) of the OAWG output waveform intensity at two different relative delays that correspond to a peak or null in the control light. Since only one of the eight optical lines is modulated, we do not expect to see a large change in the output waveform. Yet, there is a distinctive difference between the blue and red waveforms, which are 4 ns apart (onehalf the 125 MHz modulation period) in relative time.
The sampling oscilloscope measurement above does not allow retrieval of the spectral amplitude and phase changes. However, as Figs. 8 and 9 showed, the temporal intensity changes in Fig. 12(b) are a good indication of significant spectral modulation (this change is enhanced by using eight comb lines instead of 26). Unfortunately, it was not possible to use the FQSI measurement technique here because it does not acquire such long duration waveforms. Therefore, development of additional waveform measurement techniques is ongoing, and we hope to show full-field output waveform data in a future publication.
Conclusion
This paper detailed and demonstrated a monolithically integrated, InP-based OAWG reflectionmode device with access to 1 THz of optical bandwidth. It consisted of a 100-channel Â 10-GHz AWG with 100 Michelson interferometers, 200 QW phase modulators, and 400 electrooptic MZMs in twin configurations on a single 50-mm wafer. After phase-error correction, the measured 10-GHz AWG performance was excellent with all 100 output channels present and a À15.1 dB average crosstalk level across the outputs. Measurements demonstrate 20-dB intensity modulation in two regimes: the electrooptic regime by reverse-biasing the QW phase modulators on each channel and the cross-phase modulation regime by injecting 1310-nm optical control light into the QW modulators. An arbitrary waveform created from an 80-GHz wide OFC shows corresponding fluctuations in the output waveform when one line is modulated with 1310-nm control light. Future work includes improving the bandwidth and efficiency of the integrated modulators and reducing the total device loss.
